Abstract
Introduction
report training-induced adaptations within the coronary circulation [1] [2] [3] [4] [5] , with beneficial effects of exercise being Moderate levels of exercise training are associated with attributed to an overall pattern of increased coronary delayed progression of coronary artery disease. Although vasodilation and decreased agonist-induced vasoconstricmechanisms that underlie the effects of exercise on the tion [2, 5] . In addition, various groups have reported the coronary vasculature are not clear, several recent studies existence of functional alterations throughout the coronary arterial tree in coronary artery disease, mostly in regions distal to the diseased vessel [6, 7] . Accordingly, knowledge interactions of exercise and coronary artery disease, espe-Calcium handling by vascular myocytes is fundamental housed in pens at the College of Veterinary Medicine. This in regulation of blood pressure [9] , blood flow [10] , and pig model, which is well characterized for the study of growth / atherogenesis [11] . The sarcoplasmic reticulum coronary physiology, coronary collateral circulation and 21 (SR) is widely known to play a crucial role in Ca exercise physiology [23] , has many physiological charachomeostasis through its regulation of both agonist-induced teristics similar to humans, including: (1) maximal cor- 21 21 Ca release and Ca sequestration after removal of onary blood flow [23] and O consumption during exercise 2 vasoactive agonists [12, 13] . Increasing evidence indicates [24] ; (2) redistribution of cardiac output from visceral that the SR attenuates increases in averaged myoplasmic tissue to skeletal muscle during exercise [24] ; (3) sparse 21 21 free Ca (Ca ) by sequestering a portion of the Ca that coronary collaterals and collateral flow [23] ; (4) heart / m enters the cell across the sarcolemma [12] . The SR also body weight ratios [23] ; and (5) a right dominant coronary provides a ''superficial buffer barrier'' for Ca in quiesanatomy [25] . space [12, [14] [15] [16] . This process, termed ''SR Ca unloading'', is time-dependent [14, 15] t-induced SR Ca release [18] and decreased steady-state described previously [26] [27] [28] . This occlusion method Ca [19] .
stimulates the development of the collateral circulation m Previous data from our laboratory demonstrate a reduced supplying the myocardium-at-risk distal to occlusion. A endothelin-mediated Ca response in exercise-trained period of 2 months after surgery, when occlusion and m 21
swine [18, 20] , consistent with tonically lower Ca stores. collateral development are complete [28] , occluded-heart 21 Stehno-Bittel et al. have shown that SR Ca unloading animals were divided randomly into either an exercise occurs in quiescent bovine, but not porcine, coronary group (OCC1EX) that participated in a progressive treadartery smooth muscle cells [16] , and that coronary smooth mill training program for 16 weeks (described below), or a muscle cells of exercised trained, but not sedentary, pigs sedentary group (OCC1SED) cage-confined for 16 weeks. 21 exhibit SR Ca unloading that is dependent on ryanodineMatched non-occluded (control, not sham-operated) pigs 21 sensitive Ca release channels [15] . Finally, a major role (SED) were also cage-confined for 16 weeks. We have 1 21 21 previously documented that smooth muscle responses of has been ascribed to Na -Ca exchange in SR Ca coronary arteries isolated from sham-occluded animals are handling in rat-tail artery [21] and rabbit vena cava [22] . It essentially identical to responses from coronary arteries of is not known whether Na -Ca exchange is necessary 21 animals not exposed to surgery [29] . In addition, a nonfor SR Ca unloading in porcine coronary arteries. 21 occluded exercise trained group was not included in this Using a new protocol for assessment of SR Ca unloading, the present study demonstrates that cells from coronary arteries of sedentary pigs can exhibit time-depen-21 dent SR Ca unloading seen previously only after adaptation to exercise [14, 15] . We tested the hypothesis that after chronic occlusion of the circumflex coronary artery, SR 21 Ca unloading in cells from the healthy, non-occluded right coronary artery would be enhanced by exercise and
would be affected by Na -Ca exchange activity.
Materials and methods

Animals
All animal procedures were approved by the Animal ods from our laboratory [1, [14] [15] [16] 18, [30] [31] [32] . Briefly, a During the first week, pigs ran at 3 miles per hour (mph), drop of fura-2-loaded cellular suspension was placed in a 0% grade, for 20-25 min (endurance) and at 5 mph for superfusion chamber mounted on the stage of an inverted 5-10 min (sprint). Speed and duration of running were epifluorescence microscope, and cells were allowed to increased progressively at a rate dependent on the tolersettle and adhere to the glass coverslip. Fura-2 was excited ance of each pig such that during the last week of training, sequentially by ultraviolet light from 340 and 380 nm a typical training session consisted of: (1) 5 min warm-up filters (10 nm bandwidth) and the fluorescence emission run at 2.5 mph; (2) 5-15 min sprint at 6 mph; (3) 60 min (510 nm) corresponding to each excitation wavelength was endurance run at 4-5.5 mph; and (4) 5 min warm-down collected by a monochrome CCD Camera (COHU, Inc., run at 2 mph. Post-exercise feeding was used as positive San Diego, CA) attached to a 100 MHz Pentium data reinforcement.
acquisition computer at a sampling rate of 0.5 Hz. Whole cell fluorescence data are expressed as the ratio of intensity of the 340-380 excitation wavelengths. Previous data from 2.4. Tissue removal our laboratory have demonstrated comparable fura-2 loading between experiments carried out on vascular myocytes At least 24 h after completion of the 16-week training or isolated from sedentary, exercise-trained, and coronaryinactivity period, pigs were anesthetized with ketamine (30 occluded pigs [18, 27] . mg / kg, IM) and pentobarbital sodium (35 mg / kg, IV), heparinized (1000 U / kg, IV), and the hearts rapidly 2.7. Solutions removed and placed in iced (48C) Krebs bicarbonate solution. The right coronary artery was isolated and Cells were superfused at a rate of 2 ml / min with a PSS 
. Smooth muscle cell dispersion
Chemical), dissolved in PSS at a concentration of 5 mM, is routinely used in our laboratory [14] [15] [16] 31, 32] and others All experiments were performed on freshly dispersed 21 [13, 17, 19, 21, 22 ] to induce maximal SR Ca release. A myocytes and completed within 36 h of tissue dissection. 1 PSS solution containing 5 mM Na was used to assess the Cells were isolated as previously described [1,14- subsequent Ca extrusion [34] . The current study's the 1st 80 K and 2nd 80 K exposures were calculated as modified protocol (Fig. 5A and B) consisted of a depolarthe averaged 80 K maximum response, minus the pre-80 ization ''priming'' step (80 mM KCl for 7 min, ''1st 80 K-exposure Ca level. m 21 K'') followed by depletion of SR Ca with 5 mM caffeine (''CAF1'') for 2 min, in order to maximally fill 21 and then empty the caffeine-sensitive Ca stores for 2.11. Statistical analysis ''normalizing'' the stores to the same pre-experimental filling state. The experimental portion of the protocol, All group data are presented as mean6S.E.M. and were 21 which was identical to our original SR Ca unloading based on cell number. Statistical analyses were performed protocol, consisted of a second 7-min depolarization with using SigmaStat software (Jandel Scientific Software). 80 mM KCl (''2nd 80 K''), then a 2-or 11-min recovery Single-factor group comparisons (i.e., SED vs. OCC1SED 21 (SR Ca unloading) period in normal PSS, followed by vs. OCC1EX) were made with one-way analysis of another 5 mM caffeine exposure (''CAF2'') to elicit variance (ANOVA), while multi-factorial group compari- 21 21 maximum Ca release for group comparisons of SR Ca sons (i.e., 2-min vs. 11-min unloading in SED, OCC1 content. In some experiments, cells were superfused with SED, and OCC1EX) were assessed using two-way
low sodium (5 mM Na) PSS to block Na -Ca exchange ANOVA. Post-hoc differences were determined using the during the 2 or 11 min recovery and the second caffeine Student-Newman-Keuls Method. A value of P,0.05 was exposure. In these experiments CAF2 exposure was exconsidered significant. tended from 2 to 4 min to assure full release of the 21 caffeine-sensitive Ca store and to prevent re-uptake of 21 Ca by the SR. 
Results
Relative Ca response to caffeine
SR Ca content, and SR Ca sequestering ability
A maximal caffeine-induced Ca response is propor- In Fig. 7A , a thick-lined tracing taken from a cell Comparisons were made between groups (note different y-axes for each exposed to the 11-min unloading protocol is directly measure), with asterisks (*) indicating a significant difference from SED, overlaid on a tracing from another cell exposed to the and plus signs (1) indicating a significant difference between OCC1SED low-sodium variation of the same protocol (thin line), and OCC1EX, P,0.05. demonstrating the increase in the Ca signal that typically m 1 occurred in response to changing to low Na . Group unloading definitely occurred (DCAF2 /DCAF150.74) dur-DCAF2 /DCAF1 results (Fig. 7B ) illustrate that although a ing the 11 min recovery in another cell from the same trend existed towards lower values in OCC when low 1 21 animal. These representative results are supported by sodium (5 mM Na) was used to block Na -Ca ex- 21 group SED data (Fig. 6 ). We also tested the effect of change activity during the recovery portion of the SR Ca moving the CAF2 exposure closer to the 2nd 80 K unloading protocol, statistical analysis revealed that unexposure in order to allow little or no recovery from loading did not occur in any of the three treatment groups. depolarization and found that DCAF2 was not significantly altered whether it was applied during the last min of a Little is known about Ca handling mechanisms in from one animal).
non-occluded vessels from occluded hearts, but other effects of occlusion on surrounding healthy vessels have mal Ca-ATPase, the plasmalemmal Na -Ca exchanger, 21 been reported. For instance, during coronary ischemia, the and mitochondrial Ca uptake [34] . Although we did not relative contribution of larger epicardial coronary arteries study all of these processes specifically, our results shed to flow regulation is increased to restore myocardial some light on possible mechanisms for the effects of 21 function [28, 36, 37] . Also, non-occluded conduit vessels: occlusion on Ca handling in donor vessels. The present (1) contribute to the production of collateral vessel growth study's results reveal three major findings about the 21 into the region at risk to restore blood flow distal to occluded porcine coronary vasculature: (1) resting Ca occlusion [28] ; and (2) dilate to allow more blood flow to levels are decreased and Ca responses to depolarization m 21 undamaged regions of the heart [8] . Since Ca is involved are attenuated in smooth muscle from a non-occluded 21 in multiple cellular processes, it is conceivable that the artery; (2) SR Ca unloading in vascular myocytes from pathophysiological manifestations of coronary artery ochearts of sedentary, but not occluded, pigs is demonstrated clusion may extend into non-ischemic ''donor'' arteries for the first time using a novel priming protocol [34] , and [14, 15] . SED were depolarized with lower K concentrations or more efficient at sequestering Ca that enters the cell via 21 shorter exposure to 80 K to elicit less Ca influx via voltage-gated Ca channels during a second depolarizavoltage-gated Ca channels, the initial SR Ca load would be tion, resulting in a lower whole-cell fura-2 signal [35] . similar to the lower levels in occluded pigs. Accordingly, Importantly, this interpretation does not exclude the possi- 21 one would predict that SR Ca unloading would not occur bility that differences in plasmalemmal Ca influx and in the non-occluded SED pigs.
other Ca-handling mechanisms may be involved. We can, three groups (Fig. 4A) , the relative onset rate of the 2nd 80 release (CICR) in the first Ca response to 80 K, because K Ca response is less rapid (longer t max) than the 1st we have previously shown in coronary smooth muscle that m 1 / 2 21 80 K Ca response, a phenomenon which has been shown the CICR inhibitor, ryanodine, did not decrease the Ca m previously by our laboratory and others [12, 31, 35] . One response during exposure to 80 K [31] . Thus, CICR has 21 explanation is that the recently emptied superficial SR, little effect on the bulk Ca response to depolarization, in which is intimately associated with the sarcolemma, is marked contrast to the well-known contribution of CICR to
